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1.5. Shewanella oneidensis MR-1  
 Shewanella oneidensis MR-1 γ- 2
2  (Venkateswaran et al., 
1999)3 2 2
 (Myers and Nealson, 1988)3MR-1 “
2
 (Rodionov et al., 2010)3 2 2 2
2 2 2  (DMSO 2






 (Heidelberg et al., 2002)2 2
2
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1.6. S. oneidensis MR-1  
 MR-1 Fig. 1-3  (Hirose et al., 
2019a)3MR-1 glucose uniporter (Glf) glucokinase (Glk) 
2 3 2
N- 2 6-
3MR-1 Entner-Doudoroff (ED) 2
Embden-Meyerhof-Parnas (EMP) 1
ATP 1 3 
 3
Δ NADH 2acetyl-CoA pyruvate dehydrogenase 
(PDH)2 Δ 2 acetyl-CoA
pyruvate-formate lyase (PFL) 3PFL
2 formate dehydrogenase (FDH) CO2
3MR-1 3 FDH  (fdnGHI2fdhABC-12fdhABC-2) 2
3
2 Δ 2 Δ
3 2 2NADH lactate 
dehydrogenase (LdhA) D-  (Kasai et al. 
2019)3 2
3 
 MR-1 N- 2  (D- L- ) 
3D- L-
lactate dehydrogenase (LDH) 3D- ′ LDH Dld
 10 
2 D- 3 2L- 2LldEFG
3 2 L-
3 
 Acetyl-CoA Δ Δ 3 Δ
acetyl-CoA TCA 2NADH
3 2 Δ  ( Δ ) acetyl-CoA
2 MR-1 × ATP 3
Δ ATP  ( ) 
 (Hunt et al., 2010)3 2 Δ 2TCA
NADH ′ isocitrate dehydrogenase (Icd) 2-oxoglutarate 
dehydrogenase (Suc) 2 TCA 3 2




8 (UQ8) 7 (MK7) 2 Δ
UQ8 (+0.11 V vs. ; 2
)2 Δ MK7 (-0.074 V) 3 Δ
UQ8 PetA 2 c 2
3 PetA







3 / FccA/CctA 2
MtrCAB/OmcA 3  (TMAO) 
2CymA  (TorC) 2TMAO
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 MR-1 Δ  ( Δ ) 
3 2 N- D-
 11 
2 Δ
 (Kasai et al., 2019)3 2MR-1 NADH dehydrogenase FDH
Δ 2
2
3 2MR-1 2 2
hydrogenase  






1.7. MR-1  
 MR-1  (Fig. 
1-4) (Hirose et al., 2019b)3 2
c 2




FccA/CctA 2  (Myers and Myers, 
2000)3MtrCAB OmcA 2MtrA
 (Hartshorne et al., 2009)3MtrB β ×
2  
(Beliaev and Saffarini, 1998)3MtrC OmcA
2MtrC OmcA = 2:1  (Shi et al., 2006)3FccA
CctA 2CymA Mtr  
(Sturm et al., 2015)3 2FccA 2
CymA  (Myers and Myers, 2000)3
 ( ) 2 “  
(Firer-Sherwood et al., 2008)3 2MR-1
3 
 2omcA mtr cyclic AMP (cAMP) receptor 
 12 
protein (CRP)  (Kasai et al., 2015)3CRP
× × 2MR-1
 (Saffarini et al., 2003)3
2 Δ MetR





(Gorby et al., 2006; Pirbadian et al., 2014)3 MtrCAB/OmcA
2





sensor kinase 2DNA 2




2Arc system 3 γ-
2S. oneidensis2Escherichia coli2Serratia 
marcescens2Klebsiella pneumoniae2Vibrio choleae2Salmonella Typhimurium Haemophilus 
influenzae  (Hirose et al., 2019b)3Arc system E. coli ( ) 
2sensor kinase PAS
 (Bekker et al., 2010)3
Arc system ArcB/ArcA 3 2
Δ sensor kinase ArcB 2
ArcB 3 response regulator
ArcA 2 ArcA (ArcA-P) 
3 2 Δ 2ArcB
3 ArcB
 13 
2ArcA-P 2ArcA DNA 3DNA
ArcA
2 ArcA “ ′
 (Park et al., 2013)3 Arc system
2  (Park 
et al., 2013)3 
 2MR-1 Arc system sensor kinase ArcS2 HptA2
response regulator ArcA  (Lassak et al., 2010)3
2HptA ArcS ArcA 2
3MR-1 ArcA ArcA 2 DNA
”  (Gao et al., 2008)3 2 sensor kinase 2
MR-1 ArcS PAS 2 Chache sensor
2 ArcB  (Lassak et al., 2013)3
2ArcS ArcB 3 
 2 2 Fnr (fumarate nitrate 
reductase regulator)  (Gunsalus and Park, 1994)3
“ DNA 2 3
2DNA 3 2
3 2Fnr Δ 2
′  (Myers et al., 2013)3MR-1 Fnr
EtrA (electron transport regulator A) 2 ArcA ′
 (Cruz-García et al., 2011)3 
 
1.9.  
 2S. oneidensis MR-1 4 2
2  
(Grobbler et al., 2018, 2014; Kitayama et al., 2017; Nakagawa et al., 2015)3 2
EAB 2MR-1 Shewanella decolorationis S12 2
Desulfovibrio ferrophilus IS5 Geobacter sulfurreducens 2
 (Deng and Okamoto, 2018; Li et al., 2019; Lian 
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Fig. 1-3 MR-1  (Hirose et al., 2019a)3GlcNAc: N-acetylglucosamine; GlcNAc-6P: 
N-acetylglucosamine-6-phosphate; KDG-6P: 2-keto-3-deoxygluconate 6-phosphate; PEP: phosphoenolpyruvate; 
Q: quinone; QH2: quinol; NagP: N-acetylglucosamine transporter; NagK: N-acetylglucosamine kinase; NagA: 
N-acetylglucosamine-6-phosphate deacetylase; NagB: glucosamine/fructose-6-phosphate aminotransferase; Fbp: 
fructose-1,6-bisphosphatase; Fba: fructose-bisphosphate aldolase; TpiA: triosephosphate isomerase; Pgi: 
glucose-6-phosphate isomerase; Zwf: glucose-6-phosphate 1-dehydrogenase; Edd: phosphogluconate 
dehydratase; Eda: 2-dehydro-3-deoxyphosphogluconate aldolase/ (4S)-4-hydroxy-2-oxoglutarate aldolase; 
PpsA: pyruvate, water dikinase; PckA: phosphoenolpyruvate carboxykinase; Pdh: pyruvate dehydrogenase; 
GltA: citrate synthase; Acn: aconitate hydratase; Icd: isocitrate dehydrogenase; SucAB: 2-oxoglutarate 
dehydrogenase; SucCD: succinyl-CoA synthetase; Sdh: succinate dehydrogenase/fumarate reductase; Fum: 
fumarate reductase; Mdh: malate dehydrogenase; AceB: malate synthase; AceA: isocitrate lyase; Pta: phosphate 
acetyltransferase; AckA: acetate kinase; Acs: acetyl-CoA synthetase; Fdh: formate dehydrogenase; Dld: 
d-lactate dehydrogenase, quinone dependent; Lld: l-lactate dehydrogenase; LdhA: d-lactate dehydrogenase, 
NAD dependent; Glf: glucose uniporter; GalP: galactose:H+ symporter; Glk: glucokinase; Xks1: xylulokinase; 









































































































Fig. 1-4 MR-1  (Hirose et al., 2019b)3LDH, lactate dehydrogenase; FDH, 
formate dehydrogenase; NDH, NADH dehydrogenase; Q, quinone; QH2, quinole; OM, outer 
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Appendix 1 3E. coli  S. oneidensis MR-1
LB 3 Δ 5 ml LB 2
100 ml 50 ml LB 2
40 mM 3 10 mM
 (PMM; 9 mM (NH4)2SO4, 5.7 mM K2HPO4, 3.3 mM KH2PO4, 30 mM HEPES-NaOH 
(pH7.4)) 2 5 ml  PMM 30 ml 2S. oneidensis MR-1
OD600 0.05 2 3 30°C2180 rpm
2 3 8 ml PMM 13 ml
2 20 mM 2.5 mM 
2S. oneidensis MR-1 OD600 = 0.01 2
3 5 min 2 “ Δ 230°C 3OD600
mini photo 518R photometer ( ) 21 h 3
 (MnO2) 2100 ml PMM 80 ml 2
20 mM MnO2 2MR-1 OD600 = 0.01 2
3 10 min “ Δ 224 h 1 ml




 Appendix 2 3
 (pSMV-10) 3aceE (SO_0424)2pflB (SO_2912)2
 45 
nuoF (SO_1017)2ndh (SO_3517)2nqrF-1 (SO_0907)2nqrF-2 (SO_1108)2arcS (SO_0577) 2arcA 
(SO_3988) 750 bp ” PCR 2
” 2 3
SpeI 2 SpeI pSMV-10 3
 (WM6026) 3 LB+Km (50 µg/ml) 
LB+10% × 2LB 20 h
3 LB+10% × × 2Km
3 PCR 3




150 ml 2  
(2.5 cm×4 cm; 10 cm2)2  (10 cm; )2 Ag/AgCl ( KCl) (HX-R5; 
) 3 VMP3 (Biologic) 2Ag/AgCl
0 V (+0.2 V vs. )2 +0.3 V -0.3 V (+0. 5 V 
-0.1 V vs. ) 3MM 170 mM NaCl210 mM
150 ml 2 OD600 = 0.1 2 210 
min 3 2 h 50 ml 2RNA
3 
18 ml 2  (1.5 
cm×1.5 cm; 2.25 cm2)2  (10 cm  )2 Ag/AgCl ( KCl)  
(HX-R5 ) 3  (VMP3; Biologic) 
2 Ag/AgCl +0.3 V20 V -0.2 V (+0. 5 V 2+0.2 V 0 V vs. 
) 230°C 3 170 mM NaCl
MM 15 ml 2 OD600 = 0.012
10 mM 2 10 min 3 VMP3
2  (2.25 cm2) 3 
 
4.2.4.  
BES 50 ml 2
3 1 ml 1.5 ml 2
3 1 ml  (0.2 µm pore size, 
 46 
DISMIC-25HP; Advantec) 1.5 ml 2
3 
B-PER bacterial protein extraction reagent (Thermo Fisher Scientific) 
3 1 ml 3 ml 2 15min 3
— 2 1.5ml 2 3 




 2 2  (HPLC) (Agilent 1100 
series) 3 1 ml 2  
(0.2 µm pore size, DISMIC-25HP; Advantec) 3HPLC
 Zorbax column (SB-Aq, 4.6 by 150 mm; Agilent)2  10%
20 mM potassium phosphate buffer (pH 2) 3 , 1 ml min-1; , 5µl; 
, 25°C; , UV 210 nm 3 2
3 
 
4.2.6. RNA  
 Total RNA Trizol (Invitrogen) 2RNeasy Mini kit RNase-free 
DNase Set (QIAGEN) 3 RNA Agilent 2100 Bioanalyzer RNA 
pico Chips (Agilent) 2 3 
 
4.2.7. qRT-PCR 
 PCR_(qRT-PCR) LightCycler 1.5 instrument LightCycler SYBR 
Green I (Roche) 3PCR 15 ng total RNA21.3 µl 50 mM Mn(OAc)2
7.5 µl RNA Master SYBR Green I20.15 µM 3
 Appendix File 2 3nuoI (SO_1014)2SO_09392SO_45092atpG (SO_4748)2
dld (SO_1521)2SO_15382SO_4360216S rRNA PCR
3 16S rRNA 3 
 
4.2.8. DNA ×  
 S. oneidensis MR-1 ×  
(Agilent One-Color Microarray-Based Prokaryote Analysis, version 1.4) 3cDNA
 47 
FairPlay III Labeling kit (Agilent) 3 cDNA
× 2WT n = 52∆arcS n = 6 ( ×
; n = 32 × ; n = 2) 3
GeneSpring GX version 11.5 (Agilent Technologies) 3
Student’s T-test Benjamini-Hochberg false discovery rate (BH-FDR) 
3 Δ fold change (FC) 1 2.0  0.5 (|log2FC| 1 1.0)2P  < 0.05
3DNA × 6  (SO_09392
dld2SO_15382SO_43602SO_45092atpG ) qRT-PCR ′ 36
qRT-PCR 3 Cluster 3.0 Treeview software
3 
 
4.2.9. NADH/NAD+  
 NADH/NAD+ NAD+/NADH assay kit  (Colorimetric; Abcam) 
3 × 600 µl Extraction buffer 2 Lysing 
Matrix E tube (MPB) 3Fast prep FP120 (MPB) Speed: 4 40 sec




WT 150 ml OD600 1.0 2
+0.5 V –0.1 V 2 3
Bekker et al. (2007)2Grammel et al. (2008) 3
Δ 2 3
3 ml  (60%) : buffer (10 mM) 3 ml 3
2 3 ml 3
—  ( ) 3
2 3 Δ
2 × 2-  (4:1, v/v) 120 µl
2 3 
MR-1 UQ8 MK7  (Venkateswaran et al. 1999)2
3 2Coenzyme Q8 (AVT) -7 
(WAKO) 3 HPLC (Prominence series, shimadzu) 2 L- 
column2 ODS (2.1 mm, 100 mm, 3 µm) (CELI)2  (75 25, v/v) 
 48 
3 ° × UV  (2 2MK7; 
248 nm UQ8; 290 nm) 2  (λmax)  (RT) 
3 
 
4.2.11. His-tag ArcA  
Appendix 2 3 2pET
3  (His-tag) ArcA 2MR-1
total DNA PCR 2arcA DNA 3PCR QIA 
quick PCR purification kit (QIAGEN) 3 2BamHI NdeI
2 DNA mini Elute reaction clean up kit (Qiagen) 
3 DNA BamHI NdeI pET-28a (+) (Novagen) 
3  (pET-28_arcA) BL21(DE3) (Novagen) 
3 BL21(DE3)(pET-28_arcA) Km 2×YT
237°C2180 rpm OD600 0.7 3300 ml
Km 2×YT 100 ml 2OD600 0.05 3
30 C2180 rpm OD600 0.7 2Isopropyl-β-D-galactopyranoside 
(IPTG) 500 µM 225°C2180 rpm 3 50 ml
2— × 3 × IMAC wash buffer 
(Bio-Nobile) 300 µl 2 3 buffer 10 2
Misonix 2— 3
His-tag ArcA Quickpick IMAC metal affinity kit 
(Bio-Nobile) 2 3 His-tag ArcA
SDS-PAGE 2 3 micro BCA 
protein assay kit (Thermo Fisher Scientific) 2 3 
 
4.2.12. Cy3  
Appendix 2 3SO_00112sucA (SO_1930)2nuoA 
(SO_1021)2atpI (SO_4754) DNA 3Cy3
DNA PCR 3PCR DNA QIAXII 
gel extraction kit (QIAGEN) 3Nano drop (ND-10002 ) 
DNA 2Cy3 DNA 3 
 
 49 
4.2.13. Electrophoresis mobility shift assay (EMSA) 
EMSA Gao et al. (2008) 3 His-tag
ArcA 2×  (200 mM Tris/HCl (pH 7)220 mM MgCl2 250 mM KCl2
100 mM  (Sigma)) 1:1 1 h
His-tag ArcA 3DNA 100 mM Tris/HCl (pH7.4)210 mM MgCl2
20 mM KCl22 mM DTT20.2 µg/ml poly (dI-dC)210% 22 nM Cy3 DNA
2 His-tag ArcA (0, 100, 200, 300 ng) 12 µl 2
 (Takara) 15°C21 h 3 × 1 h
12.5 % 3
0.5×Tris-borate-EDTA (TBE) buffer 2200 V 3 Typhoon 
FLA 9000 (FUJIFILM2GE healthcare) 2 3 
 
4.2.14. ×  
 nuoA lacZ 3nuoA MR-1
total DNA PCR 3 nuoA 5
100 bp 3 Appendix 2
3PCR QIA quick PCR purification kit (Qiagen) 2
3 PCR × pMElacZ (Endoh et al., 2003)
EcoRI BamHI 3 pMElacZ Antactic phosphatase (New 
England Biolabs) 3pMElacZ PCR
2pMElacZ 3
 (pMElacZ-R) 2 ”
3 
 
4.2.15. ×  
 S. oneidensis MR-1 × Kasai et al. (2015) 
3× 3
MR-1 LB 5 ml 22 ml —  (16000 g21 min24°C) 3 ×
300 mM 2 2 100 µl 300 mM 3
50 µl 1-3 µg Gene Pulser cuvette, gap: 0.1 cm (Bio Rad) 2
20 min 3 Micropulser (Bio Rad) 180 kV
4 sec 3 2 500 µl LB
3 1.5 ml 230°C 2 h 2LB+Gm (15 
 50 




 β- ° 3 Kasai et al. 
(2015) 310 mM 40 mM
MM × OD600 = 0.01 2
3 500 µl 2 ml 2Z buffer (60 
mM Na2HPO4240 mM NaH2PO4 2H2O210 mM KCl2MgSO4 7H2O250 mM 2-
) 500 µl2 15 µl 0.1% SDS 10 µl 215 sec
35 min 2200 µl 2- -β-  (ONPG) 
3 2stop solution (1 M Na2CO3) 
β 3OPNG stop solution 3
—  (12,000 × g22 min24°C) 2 300 µl × 2
× °  (SH-12002 ) 420 nm  (Abs420) 
3β- ° Miller unit = (1000×Abs420) / (  (min) ×  
(ml) × OD600) 3 3 3 
 
4.3.  
4.3.1. MR-1  
 S. oneidensis MR-1  ( ; WT) 
218 ml 2
+0.5 V (high potential; HP)2+0.2 V (middle potential; MP) 0 V (low potential; 
LP) 3 2
 (Fig. 4-1A)3 2 2
 (data not shown)3 2
 (Fig. 4-1B)3 2  (








× 3MR-1 +0.2 V (MP) 
2
+0.5 V (HP) –0.1V (LP) 3MPΔ +0.2 V
32 h 2 2DNA × 3
Fig. 4-2 3HP2MP2LPΔ 2
MPΔ HPΔ LPΔ
3 2HPΔ LPΔ 2HPΔ LPΔ
322 2274 248
 (Appendix 3)3 ×
2 6 2qRT-PCR ×
 (Fig. 4-3)3 2 ′  (r2 = 0.92) 
2 × 3 
HP Δ LP Δ
2 ′
 (Fig. 4-4)3 Table 4-1 3 D-lactate 




 MR-1 Δ  ( Δ ) ×
ATP 2  (NADH dehydrogenase F0F1-ATP synthase) 
 (Hunt et al., 2010)3 NADH
 (pyruvate dehydrogenase (PDH)2NADH dehydrogenase succinate dehydrogenase) 
2 pyruvate-formate lyase (PFL) formate 
dehydrogenase (FDH) CO2 (Pinchuk et al., 2011)3
2 × 2HPΔ pyruvate dehydrogenase (aceF)2succinate 
dehydrogenase (sucAB)2nuo2 atp 2
MR-1 NADH 2 ATP
3 2FDH 3 2fdnGHI (SO_0101-SO_0103) 
fdhABC2 (SO_4513-SO_4515) HPΔ 2fdhABC1 (SO_4509-SO_4511) LPΔ
3fdnGHI FDH-N2fdhABC1 fdhABC2 FDH O
 52 
3 2MR-1 FDH





2 PFL FDH  (
) 2 PDH Nuo NADH
3 2MR-1 PDH
 (∆PDH) PFL  (∆PFL) 2HP2MP2LPΔ
2 Δ 3
2HPΔ
∆PDH WT 20%2∆PFL 80%  (Fig. 4-5)3
PDH HPΔ 2 PFL
3 LPΔ ∆PFL  (Fig. 4-5)2 Δ
PFL 3 2∆PDH MPΔ LPΔ WT
 (Fig. 4-5)2PDH PFL
3 2PFL ′
2 Δ PDH “ 3 
MR-1  ( ) 2  (NADH ) CymA
” 2  
(Fig. 1-4) (Simon et al., 2008)3 2Geobacter CymA
2  
(Levar et al., 2017)3 cymA ′
2MR-1 Geobacter
2
3 2CymA  (∆cymA) HP LP Δ
3 2 Δ  (Fig. 4-5)3 CymA
Δ 3CymA
2 c  (Fig. 1-4)3
MR-1
2 3 
 PDH NADH 2 NADH 
 53 
dehydrogenase 3 Δ
NADH dehydrogenase 3MR-1 Nuo2Ndh2Nqr1
Nqr2 4 NADH dehydrogenase 2 NADH dehydrogenase
 (∆NDH) 2HP2MP LPΔ  (Fig. 4-5)3
2∆NDH HPΔ 2MP LPΔ
3 HPΔ NADH dehydrogenase ′
2 NADH 3 2
∆PDH ∆PFL  (Fig. 4-5) HPΔ 80% NADH
 ( ) 2HP Δ ∆NDH
3
2HPΔ ∆NDH 2
3 2∆NDH NADH 2HP Δ
NADH 2
3 2HP2MP LPΔ
WT ∆NDH NADH/NAD+  (Fig. 4-6)3 2∆NDH WT
HP Δ NADH/NAD+ 2∆NDH NADH
3∆NDH NADH MP LPΔ
2NADH/NAD+  (Fig. 4-6)3 2MP Δ









3WT ∆NDH  (E0, pH 
7.0) :  (+0.82 V)2MnO2 (+0.53 V)2  (+0.43 V)2  (-0.03 V) 
2 Δ ∆NDH WT
 (Fig. 4-7A)3 2 Δ 0 V (LP) Δ 2NADH
3 2∆NDH  (Fig. 4-7B) MnO2 (Fig. 











system 3MR-1 2  (




MR-1 UQ8 MK7 2UQ8
+0.11 V 2 3 2
2HPΔ NADH:ubiquinone oxidoreductase (nuo) 
2HP Δ UQ8 3 2 2
UQ
3 UQ8 2HPΔ LPΔ UQ8
UQH2 UQ 3 2HPΔ LPΔ UQ8
2  (Fig. 4-8)3 2
3 2
2 HP Δ UQ
3 
2Arc system ′ 3MR-1
Arc system sensor kinase (ArcS)2  (HptA)2response regulator (ArcA) 
3 ArcS ∆arcS
2  (+0.5 V vs. –0.1 V) 
2Arc system ′ 3 ∆arcS
Fig. 4-2 Appendix 4
3∆arcS WT HPΔ 2LPΔ 2Arc system
 55 
′  (Fig. 4-2)3
2WT 322 2305 ∆arcS
 (Fig. 4-9A)3 2105 ∆arcS
2
3 2WT ∆arcS mean-average (MA) plot
2∆arcS  (fold change)  (Fig. 4-9B)3
2Arc system 3
Arc system 2qRT-PCR
WT ∆arcS nuoI (Nuo ) HP LP
Δ 3 2WT HP Δ nuoI
2∆arcS HP2LPΔ WT nuoI 2
Δ  (Fig. 4-10)3 2Arc system nuoI
′ 3
2
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Table 4-1  ( ) 
Process Locus tag Gene Annotation Log2 FC* 
Lactate and pyruvate 
oxidation 
SO_1521 dld Respiratory FAD-dependent D-lactate 
dehydrogenase 
2.32 
 SO_0425 aceF Dihydrolipoamide acetyltransferase 1.52 
Formate oxidation SO_0101 fdnG Nitrate-inducible formate dehydrogenase 
molybdopterin-binding subunit 
2.97 
 SO_0102 fdnH Nitrate-inducible formate dehydrogenase 
iron-sulfur subunit 
3.33 
 SO_0103 fdnI Nitrate-inducible formate dehydrogenase 
cytochrome b subunit 
2.89 
 SO_4509 fdhA Formate dehydrogenase molybdopterin-binding 
subunit 
–1.43 
 SO_4510 fdhB Formate dehydrogenase fes subunit –1.08 
 SO_4511 fdhC Formate dehydrogenase cytochrome b subunit  –1.00 
 SO_4513 fdhA Fnr-inducilble formate dehydrogenase 
molybdopterin-binding subunit 
1.96 
 SO_4515 fdhC Fnr-inducible formate dehydrogenase 
cytochrome b subunit 
1.94 
TCA cycle SO_1930 sucA 2-Oxoglutarate dehydrogenase complex 
dehydrogenase E1 component 
1.75 
 SO_1931 sucB 2-Oxoglutarate dehydrogenase complex 
succinyl-CoA:dihydrolipoate 
S-succinyltransferase E2 component 
1.77 
 SO_1933 sucD Succinyl-CoA synthase alpha subunit 1.66 
NADH oxidation SO_1010 nuoM NADH-ubiquinone oxidoreductase subunit M  2.85 
 SO_1012 nuoK NADH-ubiquinone oxidoreductase subunit K  2.68 
 SO_1013 nuoJ NADH-ubiquinone oxidoreductase subunit J  2.58 
 SO_1014 nuoI NADH-ubiquinone oxidoreductase subunit I  2.46 
 SO_1015 nuoH NADH-ubiquinone oxidoreductase subunit H  2.89 
 SO_1016 nuoG NADH-ubiquinone oxidoreductase subunit G  2.61 
 SO_1017 nuoF NADH-ubiquinone oxidoreductase subunit F  2.46 
 SO_1018 nuoE NADH-ubiquinone oxidoreductase subunit E  1.78 
 SO_1019 nuoCD NADH-ubiquinone oxidoreductase subunit CD  1.90 
ATP synthesis SO_4746 atpC ATP synthase F1 epsilon subunit 2.19 
 SO_4747 atpD ATP synthase F1 beta subunit 2.22 
 SO_4748 atpG ATP synthase F1 gamma subunit 2.50 
 SO_4749 atpA ATP synthase F1 alpha subunit 2.43 
 SO_4750 atpH ATP synthase F1 delta subunit 1.94 
 SO_4751 atpF ATP synthase F0 B subunit 1.85 
 SO_4752 atpE ATP synthase F0 C subunit 1.71 
 SO_4753 atpB ATP synthase F0 A subunit 1.37 
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Fig. 4-4  (COG) 3 
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Fig. 4-6 NADH/NAD+ 3+0.5 V (HP)2+0.2 V (MP)20 




























Fig. 4-7 WT ∆NDH 3(A) Δ
3(B) Δ 3(C) MnO2 Δ MnO2

















































Fig. 4-8 3WT +0.5 V –0.1 V

















Fig. 4-9 Arc system ′ 3(A) WT ∆arcS





























Fig. 4-10 nuoI 3WT ∆arcS +0.5 V –0.1 V
2qRT-PCR nuoI 3 3
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Fig. 4-12 EMSA nuoA ArcA  (ArcA-P) 3
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Fig. 4-13 EMSA sucA atpI ArcA-P 3
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Fig. 4-14 nuoA lacZ× 3(A) nuoA 3(B) nuoA

































Fig. 4-15 Δ Δ MR-1 3Fdh: formate 
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Appendix 1  
Strain or plasmid Relevant characteristic Source of reference 
Escherichia coli   
DH5α F-, φ 80dlacZ∆M15, ∆(lacZYA-argF)U169, deoR, recA1, 
endA1, hsdR17(rK-, mK+), phoA, supE44, λ-, thi-1, 
gyrA96, relA1 
Takara 
JM109 recA1. endAl, gyrA96, thi. hsdR17, supE44, relA1, λ-, 
∆(lac-proAB), [F’, traD36, proAB, lacIq Z∆M15] 
Takara 
JM109λpir JM109 lysogenized with λpir Penfold and 
Pemberton, 1992  






University of Illinois  
 
BL21 DE3  F–  ompT hsdR17 (rB– mB+) gal dcm(DE3) F–, ompT, 
hsdSB (rB– mB–), gal(λcI 857, ind1, sam7, nin5, 
lacUV5-T7gene1), dcm(DE3) 
Novagen 
   S. oneidensis strain   
MR-1 Wild type ATCC 
ΔPFL SO_2912 pflB  disruption This study 
ΔPDH SO_0424 aceE  disruption This study 
ΔNDH SO_1017 nuoF , SO_3517 ndh , SO_0907 nqrF-1 , 
SO_1108 nqrF-2  disruption 
This study 
ΔarcS SO_0577 arcS  disruption This study 
ΔarcA SO_3988 arcA  disruption This study 
ΔhyaB SO_2098 hyaB  disruption This study 
ΔhydA SO_3920 hydA  disruption This study 
ΔhydAΔhyaB SO_2098 hyaB , SO_3920 hydA  disruption This study 
Δatp SO_4746 atpC to SO_4754 atpI  disruption This study 
ΔubiA SO_0468 (ubiA) disruption This study 
ΔmenA SO_1910 (menA) disruption This study 
ΔnuoF SO_1017 nuoF  This study 
Δndh SO_3517 ndh  This study 
ΔnqrF-1 SO_0907 nqrF-1  This study 
ΔnqrF-2 SO_1108 nqrF-2  This study 
ΔnuoFΔndh SO_1017 nuoF , SO_3517 ndh disruption This study 
ΔnuoFΔNDHΔubiA SO_1017 (nuoF), SO_3517 (ndh), SO_0468 (ubiA) 
disruption 
This study 
ΔnuoFΔNDHΔmenA SO_1017 (nuoF), SO_3517 (ndh), SO_1910 menA  
disruption 
This study 
NUO SO_3517 ndh , SO_0907 nqrF-1 , SO_1108 nqrF-2  
disruption 
This study 
NDH SO_1017 nuoF , SO_0907 nqrF-1 , SO_1108
nqrF-2  disruption 
This study 
NQR1 SO_1017 nuoF , SO_3517 ndh , SO_1108 nqrF-2  
disruption 
This study 
NQR2 SO_1017 nuoF , SO_3517 ndh , SO_0907 nqrF-1  
disruption 
This study 
ΔcymA SO_4591 (cymA) disruption Bretschger et al. 
2007 
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Strain or plasmid Relevant characteristic Source of reference 
(omcA(mtrC  SO_1779 (omcA), SO_1778 (mtrC) disruptionn Bretschger et al. 
2007 
ΔetrA SO_2356 (etrA) disruption This study 
Plasmid   
pET-28 a  Expression vector, T7 promoter Novagen 
pET-arcA pET-28(a) containing N terminal His-tag-arcA This study 
pSMV-10 9.1 kb mobilizable suicide vector; oriR6K, mobRP4, 
sacB, Kmr, Gmr 
Chad Saltikov, 
California Inst. of 
Tech. 
pSMV-pfl 1.6 kb fusion PCR fragment containing ∆pfl cloned into 
the SpeI site of pSMV-10 
This study 
pSMV-aceE 1.6 kb fusion PCR fragment containing ∆aceE cloned 
into the SpeI site of pSMV-10 
This study 
pSMV-nuoF 1.6 kb fusion PCR fragment containing ∆nuoF cloned 
into the SpeI site of pSMV-10 
This study 
pSMV-ndh 1.6 kb fusion PCR fragment containing ∆ndh cloned into 
the SpeI site of pSMV-10 
This study 
pSMV-nqrF-1 1.6 kb fusion PCR fragment containing ∆nqrF-1 cloned 
into the SpeI site of pSMV-10 
This study 
pSMV-nqrF-2 1.6 kb fusion PCR fragment containing ∆nqrF-2 cloned 
into the SpeI site of pSMV-10 
This study 
pSMV-arcS 1.6 kb fusion PCR fragment containing ∆arcS cloned 
into the SpeI site of pSMV-10 
This study 
pSMV-arcA 1.6 kb fusion PCR fragment containing ∆arcA cloned 
into the SpeI site of pSMV-10 
This study 
pSMV-atp 1.6 kb fusion PCR fragment containing ∆atp cloned into 
the SpeI site of pSMV-10 
This study 
pSMV-hyaB 1.6 kb fusion PCR fragment containing ∆hyaB cloned 
into the SpeI site of pSMV-10 
This study 
pSMV-hydA 1.6 kb fusion PCR fragment containing ∆hydA cloned 
into the SpeI site of pSMV-10 
This study 
pSMV-ubiA 1.6 kb fusion PCR fragment containing ∆ubiA cloned 
into the SpeI site of pSMV-10 
This study 
pSMV-menA 1.6 kb fusion PCR fragment containing ∆menA cloned 
into the SpeI site of pSMV-10 
This study 
pSMV-etrA 1.6 kb fusion PCR fragment containing ∆etrA cloned into 
the SpeI site of pSMV-10 
This study 
pMElacZ pME4510 derivative, lacZ Gmr Endoh et al. 2003 
pME-PnuoA pMElacZ containing  nuoA upstream region This study 
pME-PnuoA_TSS-7 pMElacZ containing  region from -7 to +163 relative to 
TSSnuoA 
This study 
pME-PnuoA_TSS-63 pMElacZ containing  region from -63 to +163 relative to 
TSSnuoA 
This study 
pME-PnuoA_TSS-112 pMElacZ containing  region from -112 to +163 relative 
to TSSnuoA 
This study 
pME-PnuoA_TSS-273 pMElacZ containing  region from -273 to +163 relative 
to TSSnuoA 
This study 
pME-PnuoA_TSS-361 pMElacZ containing  region from -361 to +163 relative 
to TSSnuoA 
This study 
pME-PnuoA_TSS-407 pMElacZ containing  region from -407 to +163relative 
to TSSnuoA 
This study 
pME-Pndh pMElacZ containing  ndh upstream region This study 
pME-Pnqr1 pMElacZ containing  nqr1 upstream region This study 
pME-Pnqr2 pMElacZ containing  nqr2 upstream region This study 




Appendix 1    
Strain or plasmid Relevant characteristic Source of reference 
pME-PyedY pMElacZ containing  yedY SO_2042  upstream 
region 
This study 
pME-PSO_0939 pMElacZ containing  SO0939 upstream region This study 
pME-PfeoA pMElacZ containing  feoA b3408  upstream region This study 
pME-PhyaA pMElacZ containing E. coli JM109  hyaA b0972
upstream region 
This study 
pME-PgadE pMElacZ containing E. coli JM109 gadE b3512  
upstream region 
This study 
pME-Pnqr1-ABS pMElacZ containing  nqr1 upstream region deleted 
5'-UTR 
This study 




Appendix 2  







qRT-dld-F CATCGGCACTCAACTTCTCA qRT-PCR for dld SO_1521  
qRT-dld-R  CGCAGGTATCAATCACATCG qRT-PCR for dld SO_1521  
qRT-SO_4509-F CAAGCCGTTTTGATCAAGGT qRT-PCR for SO_4509 
qRT-SO_4509-R ATCCTTCTGTGCGATCTTGG qRT-PCR for SO_4509 
qRT-SO_0939-F AATCGACGCCAAGCATTAAC  qRT-PCR for SO_0939 







qRT-SO_1538-F ACCTCAGTGATCTTGGCCTC qRT-PCR for SO_1538 
qRT-SO_1538-R CGCCTTCTTCAATCACAGCA qRT-PCR for SO_1538 
qRT-SO_4360-F CGTTCATCACACCCGCTAAC qRT-PCR for SO_4360 
qRT-SO_4360-R CGCATGGCAGGTATAACAGG qRT-PCR for SO_4360 
qRT-nuoF-F ATTTAGCAACGCTCGAGCAG qRT-PCR for nuoF 
qRT-nuoF-R ATTTAATGGCGCTGGCAAGC qRT-PCR for nuoF 
qRT-ndh-F TGCTTGCTTTAGGTGGTGTC qRT-PCR for ndh 
qRT-ndh-R AGGGCATCCAAGAGCTTTTG qRT-PCR for ndh 
qRT-nqrF-1-F AGCCGCTGAGAATGACAACT qRT-PCR for nqrF-1 
qRT-nqrF-1-R ACCGAGGAGTTCATGATTGG qRT-PCR for nqrF-1 
qRT-nqrF-2-F GCGCTTACTCGATGGCTAAC qRT-PCR for nqrF-2 
qRT-nqrF-2-R ACCGAATGGACCAGAAATTG qRT-PCR for nqrF-2 
Overexpression 
arcA_NdeI_F  CGCCATATGCAAAATCCGCACATTCTGATCG 
 ArcA SO_3988  
overexpression, NdeI 
arcA_BamHI_R  CGCGGATCCTTAGTCTTCTAAGTTACCGCAGAAACG 
 ArcA SO_3988  
overexpression, BamHI 
 EMSA 
nuoA-gelshift-F GCAATACATTGGCAACCA  
EMSA for nuoA SO_1021  
upstream region 
Cy3-nuoA-gelshift-R GGTCACGATTAAGTTTCATCC 
EMSA for nuoA SO_1021  
upstream region, 5'-Cy3 
SO_0011-gelshift-F GGTATAATCGGGGAGTTTTTA 




EMSA for SO_0011 
upstream region, 5'-Cy3 
sucA-gelshift-F GCGAGCTGTGTAATGCAAGAA 




EMSA for sucA (SO_1930)  
upstream region, 5'-Cy3 
atpI-gelshift-F TGGCTGAATTAGACGGAATTC 
EMSA for atpI SO_4754  
upstream region 
Cy3-atpI-gelshift-R TACTCAACTCATCTTCTCCGC 
EMSA for atpI SO_4754  
upstream region, 5'-Cy3 
fdnG-gelshift-F GTGAGTTCGGCCCAAATAGAG 
EMSA for fdnG SO_0101  
upstream region 
   
Cy3-fdnG-gelshift-R GTTCATAGCGTTCTCTCACAC 
EMSA for fdnG SO_0101  
upstream region, 5'-Cy3 
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feoA_gelshift-R CGCGGATCCAGGTGCCTACTTGTTTCT 
EMSA for feoA (b3408) 
upsteam region, 5'-Cy3 
hyaA_gelshift-R CGCGGATCCATCGCACGTCTCTCCTCC 
EMSA for hyaA (b0972) 
upstream region, 5'-Cy3 
gadE_gelshift-R CGCGGATCCAACTTGCTCCTTAGCCGT 
EMSA for gadE (b3512) 
upstream region, 5'-Cy3 
 Gene disruption 
arcS_FO AAAGATGATGCCTTGGCTGG arcS SO_0577  disruption 
arcS_5O-SpeI GATGACTAGTGCTACACAAGAACGATGTG 




ACGTG arcS SO_0577  disruption 
arcS_3I 
AACTTTTGCACCGATCAGCACCGTTAATTGTT
CGCC arcS SO_0577  disruption 
arcS_3O-SpeI TAGCACTAGTCGACATGAATGTACCGTCAG 
SpeI, arcS SO_0577  
disruption 
arcS_RO TTGATACCCATCCTCTGGCA arcS SO_0577  disruption 
arcS_5-linker CTGATCGGTGCAAAAGTT arcS SO_0577  disruption 
arcS_3-linker AACTTTTGCACCGATCAG arcS SO_0577  disruption 
pflB_5O AGCGTGATGCTATTCACAGGG pflB SO_2912  disruption 
pflB_5-linker GGTCACACCAGCACCTGA pflB SO_2912  disruption 
pflB_3O GGCGTCTTAGTACACCGC pflB SO_2912  disruption 
pflB_3-linker TCAGGTGCTGGTGTGACC pflB SO_2912  disruption 
pflB_FO GCTAGCTGTGATGCAGAG pflB SO_2912  disruption 













CCAGG pflB SO_2912  disruption 
pflBB_3I 
TCAGGTGCTGGTGTGACCCAGCAAGATGTGA
TCACG pflB SO_2912  disruption 
aceE_5O CTGATGTGATCATGGCGC aceE SO_0424  disruption 
aceE_5-linker GGTGTTAGCCACTGAAGC aceE SO_0424  disruption 
aceE_3O GCACTGATCATATCGCCC aceE SO_0424  disruption 
aceE_3-linker GCTTCAGTGGCTAACACC aceE SO_0424  disruption 
aceE_FO CGCCAAATGGCCTATAGC aceE SO_0424  disruption 













GTAGC aceE SO_0424  disruption 
aceE_3I 
GCTTCAGTGGCTAACACCGATCAATCCACAG
TACGC aceE SO_0424  disruption 
nuoF_3O-SpeI-IN GAAGGTAGACTAGTCAAACTGCATGTCCCACT 
SpeI, nuoF SO_1017  
disruption 
nuoF_3O GCATTGCTGGCAGATGCT nuoF SO_1017  disruption 
nuoF_5O-SpeI-IN GAAGGTAGACTAGTTGATCAAGGGCAGCATGG 
SpeI, nuoF SO_1017  
disruption 
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nuoF_5O CTTTGCTCACCTGCAACA nuoF SO_1017  disruption 
nuoF_FO GTTACTACCTGACCAGCG nuoF SO_1017  disruption 
nuoF_RO GCCGTGGAAACGGTTTTC nuoF SO_1017  disruption 
nuoF_3I GGTTCAGTGCAGGCTGGTGATCCAGCCCAATCTGCT nuoF SO_1017  disruption 
nuoF_5I ACCAGCCTGCACTGAACCGAGAACTTTGCTCTGTGG nuoF SO_1017  disruption 
nuoF_5-linker ACCAGCCTGCACTGAACC nuoF SO_1017  disruption 
nuoF_3-linker GGTTCAGTGCAGGCTGGT nuoF SO_1017  disruption 
ndh_3-linker GCTGGTTCAGTGACCGCT ndh SO_3517  disruption 
ndh_5-linker AGCGGTCACTGAACCAGC ndh SO_3517  disruption 
ndh_FO TAGCGCCTTCATTTTCGG ndh SO_3517  disruption 
ndh_RO TGAGCTCGTTATTCACCC ndh SO_3517  disruption 
ndh_3-O ACCGCCACTTTCAGAAGATCC ndh SO_3517  disruption 
ndh_5-O GCGCTAACAATGTGTAAACGG ndh SO_3517  disruption 
ndh_3I GCTGGTTCAGTGACCGCTGGCCAAAGCTGAAATTAC ndh SO_3517  disruption 
ndh_5I AGCGGTCACTGAACCAGCCACTATTCGCTTAGTAGC ndh SO_3517  disruption 
ndh_3O-SpeI GAAGGTAGACTAGTGCGAGGGGATTATAGAGC 
SpeI, ndh SO_3517  
disruption 
ndh_5-O-SpeI GAAGGTAGACTAGTATCGCATCAAGCCAAACG 
SpeI, ndh SO_3517  
disruption 
nqrF-1_3-linker GGTGCTGTGTCAACCGCT nqrF-1 SO_0907  disruption 
nqrF-1_5-linker AGCGGTTGACACAGCACC nqrF-1 SO_0907  disruption 
nqrF-1_FO TGTGCGTGAGTTGTTAGG nqrF-1 SO_0907  disruption 
nqrF-1_RO AAGAATGCCACGGTTAGC nqrF-1 SO_0907  disruption 
nqrF-1_3O GTAGTGAGATCAATGCGGCAC nqrF-1 SO_0907  disruption 
nqrF-1_5O GGCTGGTACTTACCTAACGAG nqrF-1 SO_0907  disruption 
nqrF-1_3I GGTGCTGTGTCAACCGCTCGGTGATTAAGATGCTCG 
nqrF-1 SO_0907  
disruption 
nqrF-1_5I AGCGGTTGACACAGCACCATGCCTATGCCTATTGCC 
nqrF-1 SO_0907  
disruption 
nqrF-1_3O-SpeI GAAGGTAGACTAGTCCTAACTACAACACAGGG 
SpeI, nqrF-1 SO_0907  
disruption 
nqrF-1_5O-SpeI GAAGGTAGACTAGTGCATTAACGTGATCCAGC 
SpeI, nqrF-1 SO_0907  
disruption 
nqrF-2_3-linker AACTCAATCGTGGCTCAG nqrF-2 SO_1108  disruption 
nqrF-2_5-linker CTGAGCCACGATTGAGTT nqrF-2 SO_1108  disruption 
nqrF-2_FO GGATGGTATTGGTAACGG nqrF-2 SO_1108  disruption 
nqrF-2_RO CATAGACATAGTGCCAGG nqrF-2 SO_1108  disruption 
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nqrF-2_3O ATCGGTCGGCTTCTCTATTGC nqrF-2 SO_1108  disruption 
nqrF-2_5O GGTGTTCAAATCCTGCACAAG nqrF-2 SO_1108  disruption 
nqrF-2_3I AACTCAATCGTGGCTCAGCCTGTTGGATGACTTCGG 
nqrF-2 SO_1108  
disruption 
nqrF-2_5I CTGAGCCACGATTGAGTTGGTAAACCTCAAGCGGAG 
nqrF-2 SO_1108  
disruption 
nqrF-2_3O-SpeI GAAGGTAGACTAGTTAGCATCGCCTTTAGTGC 
SpeI, nqrF-2 SO_1108  
disruption 
nqrF-2_5O-SpeI GAAGGTAGACTAGTCTGGTATCAACCAAACGG 



















































hyaB SO_2098  
disruption 
hyaB_5O TAATGGCTGCTGCCGGTTGGC 
hyaB SO_2098  
disruption 
hyaB_5linker TGAGGTGTTCTGACCAGC 
hyaB SO_2098  
disruption 
hyaB_3-linker GCTGGTCAGAACACCTCA 
hyaB SO_2098  
disruption 
hyaB_3O AGTCCCTGAGCTAAGGTGCCG 
hyaB SO_2098  
disruption 
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hyaB_RO CACCATTGGCATTGACGG 








































hydA SO_3920  
disruption 
hydA_FO AAGGAGAACTCGTTGGCC 
hydA SO_3920  
disruption 
hydA_5O ATCCAACCATCACTCGCG 
hydA SO_3920  
disruption 
hydA_5linker GGTAGCCACAGCTGAACC 
hydA SO_3920  
disruption 
hydA_3-linker GGTTCAGCTGTGGCTACC 
hydA SO_3920  
disruption 
hydA_3O GAGGATAAGCACTGTGCC 
hydA SO_3920  
disruption 
hydA_RO GGGAATGAACCACAGCAC 
hydA SO_3920  
disruption 
ubiA_FO GTGATCCAAGCTTCTGGC ubiA SO_0468  disruption 
ubiA_RO TATGGCAACTCAGATCGC ubiA SO_0468  disruption 
ubiA_5O 
GAAGGTAGACTAGTTAGAGGAACTCGTCACC
G ubiA SO_0468  disruption 
ubiA_3O 
GAAGGTAGACTAGTTCGTAATAAGCAGAGCC
G ubiA SO_0468  disruption 
ubiA_5I 
AGCCGTGTTGGTGCTTGATATCTCGGTTGCT
AGGGC ubiA SO_0468  disruption 
ubiA_3I 
TCAAGCACCAACACGGCTCTCCAATAAGAAG
CCCGC ubiA SO_0468  disruption 
menA_FO CACTTGGTGCAAATCACC 
menA SO_1910  
disruption 
menA_RO GGACAAATCCCAATGCCC 
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etrA_FO ATTTAGACCGCCAAAGCG etrA SO_2356) disruption 
etrA_RO TGTAAGCGAATGGTGTCG etrA SO_2356) disruption 
etrA_5O 
GAAGGTAGACTAGTTCAAGACAAAGGCATGC
C etrA SO_2356) disruption 
etrA_3O 
GAAGGTAGACTAGTCTGTGCATCAAAATCGG
G etrA SO_2356) disruption 
etrA_5I 
AACTCAATCGTGGCTCAGCCACTGCAGCCAT
GTTAA etrA SO_2356) disruption 
etrA_3I 
CTGAGCCACGATTGAGTTGCTTTACGCTAGG
CATCG etrA SO_2356  disruption 
Reporter assay 
ndh_reporter-F CCGGAATTCGGTCATGTGTCATTCCTG 
reporter assay for ndh 
(SO_3517) 
ndh_reporter-R CGCGGATCCAATAACAACCTCAACAAACTC 
reporter assay for ndh 
(SO_3517) 
nqr1_reporter-F CCGGAATTCACTATCTTAGTTCGAGGC 
reporter assay for nqr-1 
(SO_0907) 
nqr1_reporter-R CGCGGATCCTTCAAACAAAGGTTGGCC 
reporter assay for nqr-1 
(SO_0907) 
nqr1_reporter_TSS-R CGGGATCCTAAATTTAGGGTAGATG 
reporter assay for nqr-1 
(SO_0907) 
nqr2_reporter-F CCGGAATTCTGGCGGTTCTAAACTGAG reporter assay for nqr-2 
nqr2_reporter-F CGCGGATCCATCCACAAGCACTACGTT reporter assay for nqr-2 
yedY_reporter-F CCGGAATTCCGTACTAGCACTCCTTTTGCG reporter assay for yedY 
yedY_reporter-R 
CGCGGATCCTTGACACCTCTACTGAAATATG
GA reporter assay for yedY 
SO_0939_reporter-F CGGAATTCATCGAAAACCCCGAGTC reporter assay for SO_0939 
SO_0939_reporter-R CGGGATCCGAATATCCTCTTTTAGTAATTGC reporter assay for SO_0939 
feoA_reporter-F CCGGAATTCACGGTTCGAATTTGCACG 
reporter assay and EMSA 
for feoA (b3408) 
feoA_reporter-R CGCGGATCCAGGTGCCTACTTGTTTCT 
reporter assay for feoA 
(b3408) 
hyaA_reporter-F CCGGAATTCCAGCGGATTATCAGGTCA 
reporter assay and EMSA 
for hyaA (b0972) 
hyaA_reporter-R CGCGGATCCATCGCACGTCTCTCCTCC 
reporter assay for hyaA 
(b0972) 
gadE_reporter-F CCGGAATTCTTACCCCGGTTGTCACCC 
reporter assay and EMSA 
for gadE (b3512) 
gadE_reporter-R CGCGGATCCAACTTGCTCCTTAGCCGT 
reporter assay for gadE 
(b3512) 
lac_reporter-F CGGAATTCGCGCAACGCAATTAATGTGAG 
reporter assay for lacZ 
(b0344) 
lac_reporter-R CGGGATCCAGCTGTTTCCTGTGTG 
reporter assay for lacZ 
(b0344) 
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Up-regulated genes 
SO_0011 gyrB DNA gyrase B subunit GyrB 1.73 
SO_0014 glyS glycyl-tRNA synthetase beta subunit GlyS 1.40 
SO_0101 fdnG nitrate-inducible formate dehydrogenase molybdopterin-binding subunit FdnG 2.97 
SO_0102 fdnH nitrate-inducible formate dehydrogenase iron-sulfur subunit FdnH 3.33 
SO_0103 fdnI nitrate-inducible formate dehydrogenase cytochrome b subunit FdnI 2.89 
SO_0104 fdhE nitrate-inducible formate dehydrogenase chaperone FdhE 2.48 
SO_0105 selA L-seryl-tRNA selenium transferase SelA 2.58 
SO_0107 fdhD formate dehydrogenase assembly/maturation protein FdhD 1.66 
SO_0108 yedE membrane protein of unknown function DUF395 YedE 3.15 
SO_0109 yedF SirA family protein YedF 1.85 
SO_0135 - lipoprotein of unknown function DUF333 1.16 
SO_0139 ftn ferritin Ftn 1.51 
SO_0167 gspE T2aSS secretion system assembly ATPase GspE 1.37 
SO_0168 gspF T2aSS secretion system inner membrane platform protein GspF 1.55 
SO_0169 gspG T2aSS secretion system pseudopilus protein GspG 1.46 
SO_0171 gspI T2aSS secretion system pseudopilus protein GspI 1.46 
SO_0174 gspL T2aSSsecretion system inner membrane platform protein GspL 1.91 
SO_0175 gspM T2aSS secretion system inner membrane platform protein GspM 1.69 
SO_0217 tufB translation elongation factor Tu TufB 1.35 
SO_0224 rpoB DNA-directed RNA polymerase beta subunit RpoB 2.39 
SO_0225 rpoC DNA-directed RNA polymerase beta¥' subunit RpoC 2.21 
SO_0228 fusA translation elongation factor G FusA 1.91 
SO_0229 tufA translation elongation factor Tu TufA 1.39 
SO_0232 rplD 50S ribosomal protein L4 RplD 1.89 
SO_0234 rplB 50S ribosomal protein L2 RplB 2.04 
SO_0235 rpsS 30S ribosomal protein S19 RpsS 2.19 
SO_0236 rplV 50S ribosomal protein L22 RplV 2.29 
SO_0237 rpsC 30S ribosomal protein S3 RpsC 2.34 
SO_0238 rplP 50S ribosomal protein L16 RplP 2.47 
SO_0239 rpmC 50S ribosomal protein L29 RpmC 2.33 
SO_0240 rpsQ 30S ribosomal protein S17 RpsQ 2.21 
SO_0245 rpsH 30S ribosomal protein S8 RpsH 1.28 
SO_0246 rplF 50S ribosomal protein L6 RplF 1.51 
SO_0247 rplR 50S ribosomal protein L18 RplR 1.83 
SO_0248 rpsE 30S ribosomal protein S5 RpsE 2.14 
SO_0249 rpmD 50S ribosomal protein L30 RpmD 2.24 
SO_0250 rplO 50S ribosomal protein L15 RplO 2.11 
SO_0251 secY preprotein translocase subunit SecY 1.90 
SO_0252 rpmJ 50S ribosomal protein L36 RpmJ 1.74 
SO_0253 rpsM 30S ribosomal protein S13 RpsM 1.45 
SO_0254 rpsK 30S ribosomal protein S11 RpsK 1.52 
SO_0255 rpsD 30S ribosomal protein S4 RpsD 1.74 
SO_0256 rpoA DNA-directed RNA polymerase alpha subunit RpoA 1.88 
SO_0257 rplQ 50S ribosomal protein L17 RplQ 1.98 
SO_0273 - lipoprotein of unknown function DUF1439 1.10 
SO_0274 ppc phosphoenolpyruvate carboxylase Ppc 1.45 
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SO_0413 coaE dephospho-CoA kinase CoaE 1.03 
SO_0425 aceF dihydrolipoamide acetyltransferase AceF 1.52 
SO_0429 pepO cell surface zinc endopeptidase PepO 1.11 
SO_0449 - iron-regulated inner membrane protein 1.75 
SO_0491 - oligopeptidase lipoprotein M13 family 1.06 
SO_0564 - zinc-regulated TonB-dependent zinc receptor 3.40 
SO_0565 znuA ABC-type zinc uptake system substrate-binding component ZnuA 3.62 
SO_0566 znuB ABC-type zinc uptake system permease component ZnuB 3.82 
SO_0602 miaA tRNA dimethylallyltransferase MiaA 1.00 
SO_0742 fbpC ABC-type Fe3+ uptake system ATPase component FbpC 1.87 
SO_0797 - periplasmic thioredoxin-family protein 1.54 
SO_0798 - TonB-dependent receptor 2.90 
SO_0809 azu periplasmic azurin Azu 1.14 
SO_0810 rbsK ribokinase RbsK 1.15 
SO_0811 rihA pyrimidine-specific ribonucleoside hydrolase RihA 1.38 
SO_0815 btuB TonB-dependent vitamin B12 receptor BtuB 1.40 
SO_0827 - lactatetrAnsport protein LctP family 1.15 
SO_0840 accADCB acetyl-CoA carboxylase multifunctional enzyme AccADCB 1.46 
SO_0858 glyP Na(+)-linked D-alanine glycinetrAnsporter GlyP 1.63 
SO_0918 aaiD acyl-homoserine lactone acylase AaiD 1.09 
SO_0929 metK S-adenosylmethionine synthetase MetK 1.19 
SO_0933 fba fructose-bisphosphate aldolase class II Calvin cycle subtype Fba 1.21 
SO_0988 - molybdopterin-binding oxidoreductase 2.44 
SO_1010 nuoM NADH-ubiquinone oxidoreductase subunit M NuoM 2.85 
SO_1012 nuoK NADH-ubiquinone oxidoreductase subunit K NuoK 2.68 
SO_1013 nuoJ NADH-ubiquinone oxidoreductase subunit J NuoJ 2.58 
SO_1014 nuoI NADH-ubiquinone oxidoreductase subunit I NuoI 2.46 
SO_1015 nuoH NADH-ubiquinone oxidoreductase subunit H NuoH 2.89 
SO_1016 nuoG NADH-ubiquinone oxidoreductase subunit G NuoG 2.61 
SO_1017 nuoF NADH-ubiquinone oxidoreductase subunit F NuoF 2.46 
SO_1018 nuoE NADH-ubiquinone oxidoreductase subunit E NuoE 1.78 
SO_1019 nuoCD NADH-ubiquinone oxidoreductase subunit CD NuoCD 1.90 
SO_1075 - dipeptydil peptidase S46 family 1.50 
SO_1095 metY O-acetylhomoserine (thiol)-lyase MetY 1.18 
SO_1106 nqrD Na-translocating NADH-quinone reductase subunit D NqrD 1.08 
SO_1107 nqrE Na-translocating NADH-quinone reductase subunit E NqrE 1.24 
SO_1142 carB carbamoyl-phosphate synthase large subunit CarB 1.33 
SO_1172 holA DNA polymerase III delta subunit HolA 1.32 
SO_1173 lptE OM lipoprotein component of lipopolysaccharide assembly complex chaperone LptE 1.37 
SO_1188 - inner membrane protein with PepSY TM helix 3.27 
SO_1189 - putative periplasmic protein of unknown function DUF2271 3.51 
SO_1190 - putative periplasmic CbiK superfamily protein 4.03 
SO_1199 glmM phosphoglucosamine mutase GlmM 1.45 
SO_1324 gltD NADPH-dependent glutamate synthase small subunit GltD 2.05 
SO_1325 gltB NADPH-dependent glutamate synthase large subunit GltB 2.16 
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SO_1349 era 30S ribosome assembly GTPase Era 1.28 
SO_1357 rpsP 30S ribosomal protein S16 RpsP 1.30 
SO_1358 rimM 16S rRNA processing protein RimM 1.31 
SO_1368 pepA cytoplasmic leucine metal-dependent aminopeptidase PepA 1.43 
SO_1460 hsdS type I restriction-modification system restriction endonuclease DNA specificity subunit HsdS 1.79 
SO_1462 - cytoplasmic protein in type I restriction-modifcation system locus 1.53 
SO_1484 aceA isocitrate lyase AceA 1.68 
SO_1521 dld respiratory FAD-dependent D-lactate dehydrogenase Dld 2.32 
SO_1522 - lactatetrAnsport protein LctP family 1.04 
SO_1571 - bifunctional DNA-binding protein / oxidoreductase 1.78 
SO_1625 dapD 2,3,4,5-tetrAhydropyridine-2,6-carboxylate N-succinyltransferase DapD 1.18 
SO_1637 bamA beta barrel protein translocation component BamA 1.55 
SO_1642 lpxB lipid A disaccharide synthase LpxB 1.05 
SO_1643 rnhB ribonuclease HII RnhB 1.24 
SO_1656 hexA D-hexose 6-phosphotransferase HexA 1.02 
SO_1698 - autocatalytic aspartic peptidase 2.60 
SO_1751 - ABC-typetrAnsport system bifunctional permease and peptidase M1 family component 1.65 
SO_1784 feoB ferrous iron transport protein B FeoB 1.17 
SO_1802 sapD ABC-type peptide uptake system ATPase component 1 SapD 1.40 
SO_1825 ttpC TonB2 energy transduction system inner membrane component TtpC 1.18 
SO_1826 exbB TonB2 energy transduction system inner membrane component ExbB 1.50 
SO_1827 exbD TonB2 energy transduction system membrane anchored component ExbD 1.92 
SO_1828 tonB2 TonB2 mediated energy transduction system energy transducer component TonB2 1.65 
SO_1870 speA biosynthetic arginine decarboxylase SpeA 1.11 
SO_1930 sucA 2-oxoglutarate dehydrogenase complex dehydrogenase E1 component SucA 1.75 
SO_1931 sucB 
2-oxoglutarate dehydrogenase complex 
succinyl-CoA:dihydrolipoate S-succinyltransferase E2 
component SucB 
1.77 
SO_1933 sucD succinyl-CoA synthase alpha subunit SucD 1.66 
SO_2016 htpG heat shock chaperone HtpG 1.41 
SO_2045 - cation efflux protein CDF family 1.78 
SO_2085 pheS phenylalanyl-tRNA synthetase alpha subunit PheS 1.03 
SO_2094 hypF NiFe hydrogenase maturation protein HypF 1.7 
SO_2099 hyaA periplasmic 1.12 
SO_2190 creA lipoprotein CreA 1.15 
SO_2223 - subfamily S9C unassigned peptidase 1.7 
SO_2229 hrpA ATP-dependent helicase HrpA 1.72 
SO_2307 lolA outer membrane lipoprotein carrier protein LolA 1.06 
SO_2340 bkdA2 3-methyl-2-oxobutanoate dehydrogenase complex E1 component beta subunit BkdA2 1.22 
SO_2341 bkdB 3-methyl-2-oxobutanoate dehydrogenase complex E2 component BkdB 1.83 
SO_2361 ccoP Cbb3-type cytochrome c oxidase subunit III CcoP 1.72 
SO_2363 ccoO Cbb3-type cytochrome c oxidase subunit II CcoO 1.36 
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SO_2396 - protein of unknown function DUF2058 1.17 
SO_2411 gyrA DNA gyrase subunit GyrA 1.12 
SO_2416 nrdB aerobic ribonucleoside-diphosphate reductase beta subunit NrdB 1.18 
SO_2427 - ArgR-regulated TonB-dependent receptor 1.17 
SO_2432 yebC DNA-binding regulatory protein YebC 1.78 
SO_2469 - TonB-dependent receptor 1.13 
SO_2510 rnfC ion (H+ or Na+)-translocating NADH:ferredoxin oxidoreductase subunit RnfC 1.25 
SO_2511 rnfD ion (H+ or Na+)-translocating NADH:ferredoxin oxidoreductase subunit RnfD 1.57 
SO_2512 rnfG ion (H+ or Na+)-translocating NADH:ferredoxin oxidoreductase subunit RnfG 1.09 
SO_2513 rnfE ion (H+ or Na+)-translocating NADH:ferredoxin oxidoreductase subunit RnfE 1.27 
SO_2565 - intracellular proteinase inhibitor domain protein 1.09 
SO_2570 - DUF885 family lipoprotein 1.62 
SO_2581 fadD long chain fatty acid CoA ligase FadD 1.44 
SO_2593 gdh glutamate dehydrogenase (NAD+) Gdh 1.00 
SO_2596 - putative periplasmic protein of unknown function DUF1329 1.46 
SO_2628 cspD DNA-binding cold shock protein CspD 1.22 
SO_2636 - cupin 4 family protein 1.04 
SO_2644 ppsA phosphoenolpyruvate synthase PpsA 1.17 
SO_2737 bioD dethiobiotin synthase BioD 1.23 
SO_2738 bioC SAM-dependent methylase involved in biotin synthesis protein BioC 2.52 
SO_2746 ybgF TolA energy-transducing system periplasmic component YbgF 1.40 
SO_2747 pal peptidoglycan-associated lipoprotein Pal 1.36 
SO_2748 tolB TonB biopolymer transport system periplasmic component TolB 1.22 
SO_2785 rne ribonuclease E Rne 1.68 
SO_2821 yecH probable metal-binding protein YecH 1.47 
SO_2834 nrdD anaerobic ribonucleoside-triphosphate reductase NrdD 1.19 
SO_2903 cysK cysteine synthase CysK 1.14 
SO_2907 - ArgR-regulated TonB-dependent receptor 1.78 
SO_2916 pta phosphate acetyltransferase Pta 1.51 
SO_2926 ybbP putative ABC-type fatty acid export system permease component YbbP 1.35 






SO_3023 trpB tryptophan synthase beta subunit TrpB 1.32 
SO_3024 trpA tryptophan synthase alpha subunit TrpA 2.44 
SO_3025 - periplasmic siderophore cleavage esterase IroE family 2.23 
SO_3030 pubA putrescine monooxygenase PubA 3.09 
SO_3031 pubB N-hydroxyputrescine-succinyl CoA transferase PubB 2.67 
SO_3032 pubC NTP-dependent putrebactin synthetase PubC 3.20 
SO_3033 putA TonB-dependent ferric putrebactin siderophore receptor PutA 3.66 
SO_3093 batA VWR domain protein in aerotolerance operon BatA 1.75 
SO_3110 secF preprotein translocase subunit SecF 1.58 
SO_3111 secD preprotein translocase subunit SecD 1.72 
SO_3112 yajC SecDF preprotein translocase-associated protein YajC 1.26 
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SO_3139 - glycosyl transferase 1.25 
SO_3142 dcp dipepidyl carboxypeptidase II Dcp 1.48 
SO_3172 wbfU galactosyl transferase WbfU 1.39 
SO_3183 - perosamine synthetase-related protein 1.10 
SO_3190 wbpA UDP-N-acetyl-d-glucosamine 6-dehydrogenase WbpA 1.08 
SO_3191 wzz polysaccharide chain length determinant Wzz 1.24 
SO_3216 fliR flagellar export protein FliR 1.21 
SO_3224 fliJ flagellar chaperone escort protein FliJ 1.37 
SO_3238 fliC flagellin FliC 1.10 
SO_3242 flgI flagellar P-ring protein FlgI 1.08 
SO_3247 flgE flagellar hook protein FlgE 1.20 
SO_3377 - predicted periplasmic protein 1.57 
SO_3414 thrB homoserine kinase ThrB 1.39 
SO_3432 rpoS RNA polymerase sigma-38 factor RpoS 1.23 
SO_3433 nlpD lipoprotein NlpD 1.47 
SO_3529 ispH 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase IspH 2.37 
SO_3530 fkpB peptidyl-prolyl cis-trans isomerase FkpB 1.74 
SO_3532 ileS isoleucyl-tRNA synthetase IleS 2.11 
SO_3599 cysP ABC-type sulfate/thiosulfate uptake system substrate-binding component CysP 1.53 
SO_3667 hmuZ FMN binding heme iron utilization protein HmuZ 4.12 
SO_3668 hmuX heme iron utilization protein HmuX 3.07 
SO_3669 hmuA TonB-dependent heme/hemoglobin receptor HmuA 3.38 
SO_3672 exbD TonB1 energy transduction system for heme uptake inner membrane component ExbD 2.46 
SO_3673 hmuB ABC-type hemin uptake system substrate-binding component HmuB 3.35 
SO_3674 hmuC ABC-type hemin uptake system permease component HmuC 1.83 
SO_3726 cysN sulfate adenylyltransferase large subunit CysN 1.99 
SO_3728 cysG uroporphyrin-III C-methyltransferase CysG 1.51 
SO_3733 - putative periplasmic protein 1.05 
SO_3736 cysH phosphoadenylyl-sulfate reductase thioredoxin-dependent CysH 1.02 
SO_3738 cysJ sulfite reductase (NADPH) flavoprotein subunit CysJ 1.14 
SO_3740 pntA NAD(P) transhydrogenase alpha subunit PntA 1.10 
SO_3741 pntB NAD(P) transhydrogenase beta subunit PntB 1.41 
SO_3800 - surface-associated serine protease 1.60 
SO_3801 - ABC-type DrugE1 family export systempermease component 1.29 
SO_3844 pepO thermoregulated outer membrane M13 family zinc endopeptidase PepO 1.69 
SO_3896 omp35 outer membrane porin Omp35 1.32 
SO_3913 piuC Fur regulated PKHD-type hydroxylase PiuC 1.47 
SO_3920 hydA periplasmic 1.46 
SO_3922 fdh formate dehydrogenase cytochrome b Fdh 1.40 
SO_3924 hydX Fe hydrogenase assembly protein HydX 1.38 
SO_3948 murA UDP-N-acetylglucosamine 1-carboxyvinyltransferase MurA 1.81 
SO_3949 yrbA transcriptional regulator BolA family YrbA 1.48 
SO_3950 mlaB ABC-type phospholipid uptake (salvage) system anti-anti-sigma factor MlaB 1.85 
SO_3951 mlaC ABC-type phospholipid uptake (salvage) system periplasmic chaperone MlaC 1.09 
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SO_3967 - orphan ABC-typetrAnsport system substrate-binding component 1.96 
SO_4005 - protein of unknown function DUF2220 1.56 
SO_4006 - uncharacterized protein SO_4006 1.80 
SO_4007 - uncharacterized protein SO_4007 1.92 
SO_4008 - putative recombination regulator protein DUF3584 family 1.19 
SO_4031 - predicted transmembrane protein 1.00 
SO_4047 - SoxA-like diheme cytochrome c 1.53 
SO_4094 rng ribonuclease G Rng 1.21 
SO_4107 mshF MshA biogenesis protein MshF 1.64 
SO_4109 mshE MSHA pilus assembly ATPase MshE 1.82 
SO_4110 mshN MSHA biogenesis protein MshN 1.65 
SO_4111 mshM MSHA biogenesis protein MshM 1.81 
SO_4112 mshL MSHA system outer membrane secretin MshL 1.52 
SO_4205 - putative periplasmic protein in twin arginine protein translocase system locus 1.16 
SO_4207 - 7TM intracellular signalling protein with GGDEF domain 1.89 
SO_4211 secA preprotein translocase ATPase subunit SecA 2.09 
SO_4215 ftsZ cell division filament FtsZ 1.78 
SO_4218 murC UDP-N-acetylmuramate--alanine ligase MurC 1.44 
SO_4219 murG undecaprenyldiphospho-muramoylpentapeptide beta-N-acetylglucosaminyltransferase MurG 1.54 
SO_4220 ftsW cell division protein FtsW 1.93 
SO_4221 murD UDP-N-acetylmuramoyl-L-alanine-D-glutamate ligase MurD 1.70 
SO_4222 mraY phospho-N-acetylmuramoyl-pentapeptidetrAnsferase MraY 1.50 
SO_4224 murE UDP-N-acetylmuramoylalanyl-D-glutamate--2,6-diaminopimelate ligase MurE 1.26 
SO_4317 bpfA biofilm-promoting protein BpfA 1.69 
SO_4320 aggA type I protein secretion system secretin component AggA 1.43 
SO_4321 - Pal-like T1SS-linked outer membrane lipoprotein 1.45 
SO_4342 - predicted lipoprotein 1.60 
SO_4343 agxT serine-pyruvate aminotransferase AgxT 1.31 
SO_4349 ilvC ketol-acid reductoisomerase IlvC 1.89 
SO_4371 - AMP-dependent synthetase and ligase family protein 1.74 
SO_4372 - thioester dehydrase family protein 1.60 
SO_4374 - phenylalanine/tyrosine ammonia-lyase 2.59 
SO_4376 - uncharacterized protein SO_4376 1.45 
SO_4378 - FAD-binding protein 2.03 
SO_4379 - fatty acid biosynthesis locus lipoprotein of unknown function DUF3261 1.31 
SO_4382 fabG 3-oxoacyl-(acyl-carrier-protein) reductase FabG 1.48 
SO_4383 fabF 3-oxoacyl-(acyl-carrier-protein) synthase II FabF 1.35 
SO_4476 cpxP periplasmic stress adaptor protein CpxP 1.28 
SO_4512 fdhX Fnr-inducible formate dehydrogenase accessory protein FdhX 1.08 
SO_4513 fdhA Fnr-inducilble formate dehydrogenase molybdopterin-binding subunit FdhA 1.96 
SO_4515 fdhC Fnr-inducible formate dehydrogenase cytochrome b subunit FdhC 1.94 
SO_4516 - TonB-dependent siderophore receptor 2.31 
SO_4680 - CDP-glycerol glycerophosphotransferase family protein 1.85 
    
 144 
Appendix 3     
Locus tag Gene Annotation Log2 FC* 
SO_4692 vmeB proton-coupled multidrug efflux pump permease component VmeB 1.53 
SO_4719 tupA ABC-type tungstate uptake system substrate-binding component TupA 1.76 
SO_4743 - TonB-dependent siderophore receptor 2.81 
SO_4746 atpC ATP synthase F1 epsilon subunit AtpC 2.19 
SO_4747 atpD ATP synthase F1 beta subunit AtpD 2.22 
SO_4748 atpG ATP synthase F1 gamma subunit AtpG 2.5 
SO_4749 atpA ATP synthase F1 alpha subunit AtpA 2.43 
SO_4750 atpH ATP synthase F1 delta subunit AtpH 1.94 
SO_4751 atpF ATP synthase F0 B subunit AtpF 1.85 
SO_4752 atpE ATP synthase F0 C subunit AtpE 1.71 
SO_4753 atpB ATP synthase F0 A subunit AtpB 1.37 
SO_A0110 - putative lipoprotein (plasmid) 1.13 
SO_A0112 - putative lipoprotein (plasmid) 1.09 
    Down-regulated genes 
SO_0332 rdoA serine/threonine protein kinase RdoA -1.01 
SO_0555 - bifunctional diguanylate cyclase/phosphodiesterase -1.02 
SO_0697 cutA divalent cation tolerance protein CutA -1.22 
SO_0931 e4pd D-erythrose-4-phosphate dehydrogenase E4pd -1.00 
SO_0938 - predicted lipoprotein -1.67 
SO_0939 - split-soret diheme cytochrome c -2.45 
SO_0951 dsbC thiol:disulfide interchange protein DsbC -1.09 
SO_0961 - small conductance mechanosensitive ion channel protein MscS family -1.11 
SO_1118 - uncharacterized protein SO_1118 -1.41 
SO_1265 puuR putrescine degradation gene regulator PuuR -1.32 
SO_1267 puuD gamma-glutamyl-aminobutyrate hydrolase PuuD -1.27 
SO_1337 - predicted periplasmic protein -1.12 
SO_1338 nhaR transcriptional activator of osmotic stress protection NhaR -1.00 
SO_1380 - protein of unknown function DUF2913 -1.35 
SO_1381 - alkyl hydroperoxide reductase/ thiol specific antioxidant family protein -1.58 
SO_2042 yedY oxidoreductase molybdenum-binding subunit YedY -1.35 
SO_2043 yedZ oxidoreductase cytochrome b subunit YedZ -1.26 
SO_2051 - protein of unknown function -1.00 
SO_2550 - cAMP binding protein -1.13 
SO_2588 selR methionine-R-sulfoxide reductase SelR -1.35 
SO_2708 ydjA nitroreductase YdjA -1.04 
SO_2710 - DoxD-like inner membrane protein -1.41 
SO_2841 - uncharacterized protein SO_2841 -1.05 
SO_3047 - protein of unknown function DUF1097 -1.15 
SO_3132 - uncharacterized protein SO_3132 -1.25 
SO_3332 - transcriptional regulator CopG family -1.28 
SO_3497 aptA beta-alanine-pyruvatetrAnsaminase AptA -1.01 
SO_3501 - protein of unknown function DUF861 -1.36 
SO_3558 - predicted lipoprotein -1.03 
SO_3559 gshA glutamate--cysteine ligase GshA -1.15 
SO_3704 - uncharacterized protein SO_3704 -2.18 
SO_3764 - protein of unknown function DUF2170 -1.39 
SO_3765 - PspA/IM30 family protein -1.22 
SO_3840 - RNA polymerase sigma-70 factor ECF subfamily -1.16 
SO_4144 otr octaheme tetrAthionate reductase Otr -1.20 
SO_4155 ttrS thiosulfate/tetrAthionate-responsive two component signal transduction system histidine kinase TtrS -1.32 
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SO_4195 - PAP2 family protein -1.59 
SO_4196 - predicted membrane protein -1.16 
SO_4326 vexR transcriptional repressor of multidrug/detergent efflux pump VexR -1.06 
SO_4340 - putativetrAnsport protein with Tim44-like domain -1.04 
SO_4509 fdhA formate dehydrogenase molybdopterin-binding subunit FdhA -1.43 
SO_4510 fdhB formate dehydrogenase FeS subunit FdhB -1.08 
SO_4511 fdhC formate dehydrogenase cytochrome b subunit FdhC -1.00 
SO_4592 - predicted periplasmic protein -1.02 
SO_A0022 higB plasmid maintenance system toxin protein HigB (plasmid) -1.36 
SO_A0058 - hypothetical protein SO_A0058 (plasmid) -1.25 
SO_A0059 - hypothetical protein SO_A0059 (plasmid) -1.39 
SO_A0079 - hypothetical protein SO_A0079 (plasmid) -1.31 
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Up-regulated genes 
SO_0142 ribB 3,4-dihydroxy-2-butanone 4-phosphate synthase RibB 1.00 
SO_0266 ccmF cytochrome c synthetase cytochrome b containing quinol-haem oxidoreductase subunit CcmF 1.06 
SO_0285 pilQ type IV pilus secretin PilQ 1.10 
SO_0324 ygbA nitrosative stress induced protein YgbA 1.32 
SO_0527 - antibiotic biosynthesis monooxygenase family protein 1.65 
SO_0628 - bifunctional diguanylate cyclase/phosphodiesterase 1.58 
SO_0760 - ammonium transporter channel family protein 1.89 
SO_0783 - superfamily I DNA and RNA helicase 1.84 
SO_0848 napA periplasmic nitrate reductase molybdopterin-binding subunit NapA 1.28 
SO_0869 panC pantoate--beta-alanine ligase PanC 1.61 
SO_1270 potF ABC-type putrescine uptake system substrate-binding component PotF 1.00 
SO_1271 potG ABC-type putrescine uptake system ATPase component PotG 1.88 
SO_1278 - chemotaxis signal transduction system methyl accepting sensory transducer 1.23 
SO_1297 gspA T2aSS secretion system protein A GspA 1.58 
SO_1367 pheA multifunctional chorismate mutase P/prephenate dehydratase/DAHP synthetase PheA 1.17 
SO_1415 - transcriptional repressor of flavocytochrome c TetR family 1.08 
SO_1483 aceB malate synthase A AceB 1.51 
SO_1518 lldG L-lactate dehydrogenase complex protein LldG 1.04 
SO_1525 dxs 1-deoxy-D-xylulose-5-phosphate synthase Dxs 1.34 
SO_1535 - inner membrane protein of unknown function DUF423 1.82 
SO_1646 - diguanylate cyclase 1.32 
SO_1779 omcA extracelllular iron oxide respiratory system surface decaheme cytochrome c component OmcA 1.26 
SO_1798 ppiD peptidyl-prolyl cis-trans isomerse PpiD 1.51 
SO_1801 sapF ABC-type peptide uptake system ATPase component 2 SapF 1.62 
SO_1855 rmf ribosome modulation factor Rmf 1.14 
SO_1949 - invasin domain protein 1.46 
SO_2046 - transcriptional regulator MarR family 1.48 
SO_2090 hypE NiFe hydrogenase accessory/formation protein HypE 1.62 
SO_2095 hyaE NiFe hydrogenase assembly chaperone HyaE 1.37 
SO_2096 hyaD NiFe hydrogenase maturation protease HyaD 1.14 
SO_2098 hyaB periplasmic 1.45 
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SO_2350 aspC aspartate aminotransferase AspC 1.03 
SO_2415 nrdA aerobic ribonucleoside-diphosphate reductase alpha subunit NrdA 1.23 
SO_2477 - alcohol dehydrogenase iron-containing 1.03 
SO_2759 upp uracil phosphoribosyltransferase Upp 1.20 
SO_2835 - uncharacterized protein SO_2835 1.50 
SO_2886 nhaB sodium:proton antiporter NhaB 1.15 
SO_2942 - Lambda phagetrAnscriptional regulator 1.22 
SO_3085 - predicted periplasmic protein 1.47 
SO_3228 fliF flagellar basal-body MS-ring and collar protein FliF 1.63 
SO_3230 flrC 
two component signal transduction system controlling 
flagella biosynthesis Sigma54-dependent response 
regulator FlrC 
1.72 
SO_3239 flgL flagellar hook-associated protein FlgL 1.37 
SO_3243 flgH flagellar L-ring protein FlgH 1.69 
SO_3244 flgG flagellar component of cell-distal portion of basal-body rod FlgG 1.10 
SO_3245 flgF flagellar component of cell-proximal portion of basal-body rod FlgF 1.03 
SO_3248 flgD flagellar hook assembly protein FlgD 1.28 
SO_3250 flgB flagellar basal-body rod protein FlgB 1.66 
SO_3273 - motility accessory factor Maf family 1.42 
SO_3319 - membrane protein DoxX family 1.42 
SO_3325 nrfJ periplasmic protein of unknown function NrfJ 1.24 
SO_3468 - riboflavin synthase alpha subunit RibC-like protein 1.14 
SO_3495 - OsmC-like superfamily protein 2.05 
SO_3538 hlyU transcriptional activator HlyU 1.57 
SO_3627 - transcriptional repressor of flavocytochrome c TetR family 2.19 
SO_3719 - cytochrome b561 1.06 
SO_3862 modE transcriptional repressor of molybdate and molybdenium cofactor metabolism ModE 1.25 
SO_3961 rpoN RNA polymerase sigma-54 factor RpoN 1.00 
SO_3993 - uncharacterized protein SO_3993 1.13 
SO_4072 rimO ribosomal protein S12 methylthiotransferase RimO 1.00 
SO_4105 mshA MSHA major pilin subunit MshA 1.20 
SO_4138 - putative periplasmic protein 1.59 
SO_4201 ubiB 2-polyprenylphenol 6-hydroxylase UbiB 1.42 
SO_4204 tatC twin arginine protein translocase system protein TatC 1.42 
SO_4206 tatD deoxyribonuclease TatD 1.96 
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SO_4208 hemB delta-aminolevulinic acid dehydratase HemB 1.15 
SO_4233 leuD 3-isopropylmalate dehydratase small subunit LeuD 1.42 
SO_4297 nadP N-ribosylnicotinamide phosphorylase NadP 1.29 
SO_4316 hemY protoheme synthesis protein HemY 1.03 
SO_4472 glnG nitrogen-responsive two component signal transduction system Sigma54-dependent response regulator GlnG 1.39 
SO_4629 tex transcriptional accessory protein Tex 1.11 
SO_4741 glmS glutamine:fructose-6-phosphatetrAnsaminase (isomerizing) GlmS 1.06 
    
Down-regulated genes 
SO_0400 - putative quinol monooxygenase -1.55 
SO_0529 trpI transcriptional activator of tryptophan biosynthesis TrpI -1.35 
SO_0664 - Mu phage uncharacterized protein -1.68 
SO_1175 - protein of unknown function DUF1451 -1.27 
SO_1260 - extracellular solute-binding protein family 3 -1.17 
SO_1336 nhaA Na+/H+ antiporter NhaA -2.03 
SO_1478 - TP-methylase family protein -1.07 
SO_1538 - isocitrate dehydrogenase NAD-dependent -1.22 
SO_1569 - 10 TMS drug/metabolite efflux pump (DME) family -1.09 
SO_1689 copA Cu2+-exporting ATPase CopA -1.15 
SO_1727 - uncharacterized protein SO_1727 -1.24 
SO_1944 - 2OG-Fe(II) oxygenase family protein -1.13 
SO_2005 - dksA-type zinc finger protein -1.20 
SO_2239 - uncharacterized protein SO_2239 -1.15 
SO_2251 - enzyme of unknown function UPF0227 -1.17 
SO_2286 - sulfatetrAnsporter SulP family -1.12 
SO_2740 bioB biotin synthase BioB -1.16 
SO_2947 - Lambda phage protein of known function -1.05 
SO_3009 - Lambda phage uncharacterized protein -1.34 
SO_3787 - protein of unknown function -1.78 
SO_3791 - periplasmic Zn-dependent dipeptidase M19 family -1.17 
SO_3846 relV (p)ppGpp synthetase RelV -1.35 
SO_3849 - membrane-anchored protein of unknown function DUF304 -1.00 
SO_4054 metF 5,10-methylenetetrAhydrofolate reductase MetF -2.15 
SO_4070 yggE periplasmic protein associated with oxidative stress YggE -1.54 
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SO_4126 - uncharacterized protein SO_4126 -1.71 
SO_4130 - putative membrane protein Nfed superfamily -1.69 
SO_4244 - uncharacterized protein SO_4244 -2.08 
SO_4327 vexB RND-type multidrug/detergent efflux system MFP component VexB -1.53 
SO_4360 - periplasmic decaheme cytochrome c MtrA family -1.75 
SO_4396 azoR FMN-dependent NADH-azoreductase AzoR -1.43 
SO_4667 yihA 50S ribosome assembly GTPase YihA -1.16 
SO_A0095 parA plasmid partition protein ParA (plasmid) -2.20 
SO_A0096 parB plasmid partition protein ParB (plasmid) -1.11 
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SO_0139 ftn ferritin Ftn 1.51 1.04 
SO_0167 gspE T2aSS secretion system assembly ATPase GspE 1.37 1.44 
SO_0827 - lactate transport protein LctP family 1.15 1.28 
SO_1324 gltD 
NADPH-dependent glutamate synthase small subunit 
GltD 2.05 1.09 
SO_1521 dld respiratory FAD-dependent D-lactate dehydrogenase Dld 2.32 1.37 
SO_1643 rnhB ribonuclease HII RnhB 1.24 1.44 
SO_1870 speA biosynthetic arginine decarboxylase SpeA 1.11 1.44 
SO_2565 - intracellular proteinase inhibitor domain protein 1.09 1.28 
SO_2834 nrdD anaerobic ribonucleoside-triphosphate reductase NrdD 1.19 1.55 
SO_4111 mshM MSHA biogenesis protein MshM 1.81 1.53 
SO_4515 fdhC 
Fnr-inducible formate dehydrogenase cytochrome b 
subunit FdhC 1.94 1.49 
SO_4753 atpB ATP synthase F0 A subunit AtpB 1.37 1.00 
     
Down-regulated genes 
SO_1337 - predicted periplasmic protein -1.12 -1.70 
SO_1338 nhaR 
transcriptional activator of osmotic stress protection 
NhaR -1.00 -1.14 
SO_3764 - protein of unknown function DUF2170 -1.39 -1.86 
SO_3765 - PspA/IM30 family protein -1.22 -1.64 
SO_A0079 - hypothetical protein SO_A0079 (plasmid) -1.31 -1.68 
